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Fermentation is a biotechnology processfor converting carbohydratesinto alcohol or
organicacidsusingmicroorganisms yeastsor bacteria- underalmostanaerobicconditions
Fermentationusually implies the action of desirable microorganismsnaturally present or

addedin form of selectedstarters

Fermentation is an oxidativereducing processwhere an organiccompoundacts both as
donorandacceptorof electronswithin a chainof reactions whichpromotesthe synthesisof
ATPthroughthe mechanisnof phosphorylationat the substratelevel

Fermentationis a very ancient process,which is inspiring the new biotechnologies(e.g.,
precisionfermentation)
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Fermentation may have been a greater
discovery than fire.

- David Rains Wallace
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Historicalbackground offermentation
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Worldwide: 500 BC Fermented Soy & Milk Products -
Pickles, preservation of food P Yogurt miso, S0y sauce

Worldwide: 1700’s Germany 18005
Vinegar, soured wine Yeast fermentation: Beer
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Fermentedfoodsaroundthe world: anissueof numpgrs
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More than 3500milk-, cereals, legumes, vegetables, the-, meat- andfish- basedfermented products
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V' Thousandf different types of fermented foods are cb“f*"f%umedworldwide, constituting 30-70%of the T
humandiet. ™
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V Many of them are emblematic of gastronomicculture and diversity, and in Europethey accountfor
20-50%o0f the dally diet.

(Xiang et al., 201%00d Science and Human Wellngips://doi.org/10.1016/].fshw.2019.08.003
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https://doi.org/10.1016/j.fshw.2019.08.003

«Thereis ferment in kitchen»

The food,
the chef,

AND THE
FERMENT
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Fermentedfoods

&he New Hork Times
Aug. 13, 2021

How Fermented Foods May
Alter Your Microbiome and
Improve Your Health

Foods like yogurt, kimchi, sauerkraut and kombucha increased
tlF]e diVerSity Of gUt micrObeS and led tO lower levelS Of Fresh kimchi, or Korean fermented vegetables, are an increasingly.popular item at

many supermarkets. Lanna Apisukh for The New York Times

inflammation.

G ¢ KaStmajority camefrom somewhereelse,andwe R 2 yk@bivg K S NRidJdstinSonnenburgan author of the new
study and a professorof microbiologyand immunologyat Stanford & think there were either low level microbesbelow
the level of detection that bloomed, or the fermented foods did somethingthat allowed for the rapid recruitment of

other microbesinto the gut environmente (Wastyket al., 2021. Cell 184:4137)
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Managementfarm systemc¢ Feed Rawvs pasteurizedmilk

House microbiota
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Farmor personnelhygiene Cheesenanufacture
(Gobbetti et al,2018.Trends in Food Science & Technolo8y244) biotic and abiotic factors
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From wheat plant to sourdoughthe microbiome fil rouge

Technologicabrocessparameters
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Ingredientsand tapwater | o _
(Gobbetti et al, 2019.Crit Reviewd-ood SdNutr. In press)
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Sourdoughmicrobial diversity
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Trends in Food Science & Technology — _
Volume 108, February 2021, Pages 71-83 ?} 357 Research arncles eg’

— — ’ \ A Bartkieneet al., 2017
Bacteria(59 genera) Thirty years of knowledge on sourdough A Stanzerel al ., 2017

fermentation: A systematic review : _
49 generanon IaCtlcaCId baCterIa Kashika Arora ® 1, Hana Ameur * *, Andrea Polo ?, Raffaella Di Cagno *, Carlo Giuseppe Rizzello b, Marco A Korcarlel al o 2020
10 generalacticacidbacteria Gosbeias A Montemurroel al ., 2020

FormerLactobacillug82 species) Yeastg80 species) Diversity of fermented
- matrices
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Nutritional attributes of sourdough

Word cloud representing the nutritional
attributes focused during sourdough
fermentation

Vitamins
Antioxidant activity

Digestibilityyipigs

Phytase activity

In vitre protein digestibility

Dietary fiberssterols

Essential amino acids index INsulin response

Mineral bioavailability

FODMAPSs Phenolic content
ProteinsGlycemic index

Starch hydrolysis

Anti-nutritional factors
Gluten degradation

Flavonoids

Arora et al., 2021Trends in Food Science & Technol@f: 7183




Glycemidndex (Gl) of sourdoughis.o  { SNX&a &SlFad oNBlFRA

Glycemicindex (GIy A numericalvalue assignedto foods basedon their capabilityto increasethe blood

glucosdevelsafter consumption 00
| S
Foods Gl value S 0 - W
HIGH Gl T - :
o 9 > Ee0 g —— %
= Moderate Gl | 55-69 e I
o Low Gl <54 >
S 20 -
= LOW Gl .
[ s T T
= BYB SDB
E Bread type
= 1 |
TIME / HOURS Median Gl
Curve for blood glucose levels.time .1 SNXa eStkau ONBIF
(Harvard Medical School) Sourdough bread (SDB)=65.1
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Digestibility ¢ In vivoclinical challenge

1). | | yedIdiead(BYBYL.5h,0 | | $dddDizn)
2) Sourdoughbread (SB)(1.5h,0 | | $dd3H%+ 20%type | sourdoughpreviously
Oro-cecaltransit time incubatedah)
3) Sourdoughbread (SBT)4 h, 20%type | sourdoughpreviouslyincubated24h)
(breath test)
fastertransnforHZSB and SHireads Amino acidsin blood Postprandial glycemia
morsion H2_H2 mp Breath plasma (glucosein blood after indestion)
— &;ﬁ%‘ig Higheramountat 1h andpersistenceat lower area under curvelpwer glucosein the
2h after ingestion secondpart of the curve for SBT
(more appetite for SBhighersatietyandfullness 240
perceptionsfor SBT) 2 o o ]
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(Gobbettiet al.,, 1994 J. Food Sci. 59:881
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TheSimulator of the Human Intestinal Microbial Ecosyste®@HIME

A
Descending
colon




Donor selection

High adherence to MD group 1 b Contribution Component 1
a o
hexadecanoic.acid i
Firmicutes;Bacilli;Lactobacillales;Streptococcaceae O
Bacteroidetes;Bacteroidia;Bacteroidales;Bacteroidaceae [
Firmicutes;Clostridia;Clostridiales;Ruminococcaceae ]
Firmicutes;Clostridia;Clostridiales;Clostridiaceae 1
butyric.acid [ ]
Firmicutes;Clostridia;Clostridiales;Lachnospiraceae I
Firmicutes;Bacilli:Lactobacillales;Enterococcaceae ]
| | | I
-0.1 0.0 0.1 0.2
™~
5
0
g Contribution Component 2

H Igh adherence o _ L . hexadecanoic.acid
54 to M D g rou p 2 Firmicutes;Clostridia;Clostridiales;Ruminococcaceae

Firmicutes;Bacilli;Lactobacillales;Enterococcaceae

7l

|

[

Firmicutes;Clostridia;Clostridiales;Clostridiaceae [

Firmicutes;Bacilli;Lactobacillales;Streptococcaceae | ]

Firmicutes;Clostridia;Clostridiales;Lachnospiraceae | ]

butyric.acid I

Low adherence 110) Bacteroidetes; Bacteroidia;Bacteroidales;Bacteroidaceae I
| | | | |
MD -02 -01 00 01 02

-5 0 5 . .
PLS-DA 1 Legend M High-AD_G1 & High-AD_G2 Low-AD

(a) Partial least square discriminant analysis {PAS
Components 1 and 2 describe 77.87% and 0.05% of
variance, respectively.

i NSL

TECHPARK SUDTIROL/ALTO ADIGE

(b) Contribution of each variable to component loadings
annotatedby the groupswith highadherenceto



Experimental setup

A . I 1 $dddibiead (BYB)

A Sourdougtbread (¢SB30)

Bread intake with BYB and t-
SB30 (70 g of bread three

Regular feeding with designed meedium

Washing out

Stomach Small Colon Colon Colon
intestine ascendens transversum  descendens

4 weeks 2 weeks 1 week
‘[ Samples were collected three times a week at regular interval of times.
Fecal
bacteria
Stomach  Small Colon Colon Colon inoculation

intestine ascendens transversum  descendens

Experimentalsetup of the Twin-Simulator of

the HumanintestinalMicrobial Ecosystenwith Experimentatiesignof the in vitro experiment
mucosalenvironments(TWINM-SHIME)
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Relative abundance at phylum level

Beforefeeding After feedingwith t-SB30

u
a Before Feeding Befare Feeding Before Feeding b t+-SB30 t-8B30 t-8B30
Ascanding Transverse Descending Ascending Transverse Descanding
B . . . . . N - B . . . .
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After feedingwith BYB A Microbial phyla were consistent with faecal materials

BY

c T Tansverse Phylum A Similarities among colon tracts of both donors
L | | l. . .. . B - A Firmicutes and Bacteroidetes were the taxa with the
Fimes highest relative abundances
£om M- - A The phylum distribution only slightly varied after 14
“oas] O o days of feeding with both breads
o | e e | | L | | e T A Variations depend on bread feeding regardless of the
type ofbread
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a Bafore Feeding

Core microbiome

_ After Feeding- BYE

A The genus core
microbiota was
iInvestigatedto search for
diversity

A 1

Prenalancs
10w

g1 aTs

L]

A The composition only e .
Sllghtly Changed after b l-:"'u:' bbbl r Feeding -
bread feeding !

L

a0

A When switching was
observed, it was almost
regardless of the type of
bread and almost
exclusivelyconcerned a
re-raking within the core
microbiota

P il S 0 Dl
hlmgm g
Escrmncine- S e
e

TSI R

Azl

Detection Threshold (Relative Abundance (%))
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Concentration of free amino acids

A Most of the individual FAA
were at the highest levels
in t-SB30

A Mainly: Leu and Glu,
followed by lle, Val and Asp

Free Amino Acids (mg/kg)

350

300

250

200

150

100

50

. b

a
a
al b b
2 | b I a ) oBYB
a a a a
mt-SB30
| I I i I i1l | I | i I |

&q“ @'&&0&\?\ W o Qa?'
o

abCl I gAOGK RAFFSNBYUOG adzLJSNEONR LIG € SnnyiABOWA RA T
(TuckeyKramer). The statistical analysis was performed separately for each amino acid
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Short chain fatty acids

A A significant (P < 0.05)
Increase of SCFA was evident
after 14 days of feeding with
t-SB30 breadompared to
BYB

A Followingl week of wash
out, the content SCFA
trended to similar absolute
values found before bread
feeding

140 4

120 1

100 1

Concentration (mM)
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160 1

140 4

120 A

Concentration (mM)
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"
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100 1
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Acetic acid

Propionic acid
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Butyric acid

Acetic acid

Propionic acid

Butyric acid

Concentration (mM)
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140 4

120 1
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Acetic acid Propionic acid

B Before treatment

B After treatment BYB

B After treatment t-SB30
[ After washing out

Butyric acid
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BYB vs-6B30

Breadchemical,

technological and
nutritional
characteristics

ab\/aluesin the same row
with different superscrlpt
f SGGSNE RATFPRSNI aA3ayAUO
0.05) based oone-way bi[oltélﬁ sc?ore (%)
ANOVA (Tuckegtramer) The
data are the means of three
independent analysis
standard deviations (n =3).

BYB t-SB30
pH 5.6+0.% 4.2 +0.7P
Volume increase (%) 245 + 5 210 + &
Hardness (g) 3230 + 22 3494+ 18
Resilience 0.85 + 0.02 0.69+ 0.02
Fracturability (g) 3080 + 53 2168+ 10°
Black pixel area (%) 48.0 + 1.8 41.1+ 1.2
In vitro proteindigestibility (%) 64.2 +0.7 82.6+ 1.5
Total FAA (g/kg) 0.61 + 0.08 2.16+ 0.08
Total peptides (g/kg) 4.4+0.7 9.3+0.%
18.5+ 0.2 62.0+ 0.5
Biological Value (BV) 36.5+ 0.5 68.4+ 1.2
Predicted Glycemic Index (pGl) 95 72
Resistant starch (%, d.m.) 1.1+ 0.1° 2.5+ 0.12

I J P
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Sourdoughandits challenge
Is sourdough a suprentity (e.g.,fermentome) comprising not just the dominant species?

Metabolic framework of spontaneous and synthefic V Investigation of the complex metabolic
Interactionsamongdominantlactic acid bacteria
. o Microbiome and yeastsand the subdominantones, and the
sourdough metacommunities to reveal microbial players lessabundantsatellite members
responsible for resilience and performance @
Francesco Maria Calabrese™, Hana Ameur®, Olga Nikoloudaki’, Giuseppe Celano', Mirco Vacea', Wilson J A Sourdou gh resistance, resilience (gene redunda
F Lemos Junior’, Caterina Manzart’, Fabicnne Verté, Raffaclla Di Cagno”, Graziano Pesole’, Maria De T
Angelis', Marco Gobbetti” A Longer Stal_:)l | ity _ _
A Promote widespread use at artisanal and industt

levels

aC9wa9b¢haoce
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Methods Traditionalsourdoughsollectionandomicsanalysis

&’ p U ro tos 2. Metagenomics Taxonomic annotation
1. Culturomics - Biobank

creation B [ _Foadlnnovuiionforcood
Enumeration of diverse microbial ;

= = (Gene functional annotation
R e i
populations

Isolation, purification and

characterization of bacteria and
yeasts 4
H

m Uiy,

To investigate the subdominant culturable » ..',: IJI 59
community of lactic acid bacteria, isolation '!|I| ﬂHHNI||’HNW|| J II!' Il' ' il
(] ‘& Bin 2

3. Metatranscriptomics

was carried out by using 140 mm diameter N A '

Transcript profile annotation and
plates and considering lowest dilutions

P = ||i ’ - : diii comparison
N | f l I S F!li i 4. Metabolomics
) ) LN |' |!|| |

A nair /\ I‘ ‘ Volatile compound identification

N ,Xf_ : Wil HI =

G -.Sf' oy " = E A
9 ll p—
w0 Py mthe e - _ |
Lowest dilutions dilutions - - b ' ! S Ui "
@= 140 mm @= 90 mm

v

Sourdough Biobank: 1,661 isolates (1,488 bacteria and 173 yeasts)

4 e
Y 3
é ir
MICROYFOOD
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Taxonomic annotation by culturinghotgun metagenomicsnetatranscriptomics
Core and dispensable species in the eight spontaneous sourdoughs

CORE
DOMINANT

CORE
SUBDOMINAN

DISPENSABL ——

DOMINANT

DISPENSABL
SUBDOMINAN

Limosilactobacillus fermentum
Lactiplantibacillus plantarum
Fructilactobacillus sanfranciscensis

| euconostoc citreum

_ Weissella confusa
Enterococcus faecalis
Enterococcus faecium
Levilactobacillus brevis
Lactiplantibacillus pentosus
Lacticaseibacillus rhamnosus
Furfurilactobacillus rossiae

Lactococcus lactis
Leuconostoc mesenteroides
| euconostoc pseudomesenteroides

Oenococcus oeni
Pediococcus pentosaceus
Weissella cibaria
Acinetobacter baumannii

Klebsiella pneumoniae
Mycobacterium gastri
Staphylococcus epidermidis
Staphylococcus aureus

Latilactobacillus curvatus
Schleiferilactobacillus harbinensis
Pediococcus parvulus
Staphylococcus warneri

Bradyrhizobium sp.

SD1  SD43 sSD44 SDe9 SD88 SD93 SD102 SD104

MICROYFOOD

=

o

Abc = Lactic acid bacteria
= Yeast
Abc = Others/Satellites
All omics

Culturomics + Metagenomics
Metagenomics + Metatranscriptomics
Metagenomics

Metatranscriptomics
None

Core sharedby all the eightsourdoughs
Dispensable relative abundance > 0.1%
detectablein one or more sourdoughs
Dominant and subdominant based on relative
abundance> or <than 5% asnormalizedto total
metagenomecontent

el
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Deciphering the functional redundancy of sourdough genomes

- Shotgun metagenomics Metatranscriptomics

Gene abundances in each sample was mapped as a single set of reads (from each individual sample) against the

assembly obtained by pooling reads from all samples




Metabolic pathways investigated in 8 traditional sourdoughs

Carbohydrate, pyruvate and energy metabolism related pathways

x Starch, norstarch polysaccharides and sucrose pathways
X Pentosesand pyruvate metabolism

Nitrogen metabolism

X Peptide utilization encoding genes
x Catabolism of branched chain amino acids and aromatic amino acids (BCA/A#hd
x Catabolism of free amino acids (FAA)

Stress response

Vitamin and cofactor metabolism

Fatty acid metabolism X gAftt F2tt20 Ay
PTS transport

Biosynthesis of secondary metabolites

! I J > A
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Reconstruction of main metabolic pathwaygentoses and pyruvate metabolism

9, 12, or 9 species have expressed the
— |same gene within one sourdough. High

Pl diversity leads to functional
redundancy

Phosphoglycerate kinase [EC2.7.2.3]; Phosphoglycerate
mutase  [EC5.4.2.11]; Phosphopyruvate hydratase
[EC4.2.1.11];

Pyruvate

)
W
\ éﬂ 9 Glycerate 2- phosphate

( ﬁmﬁ\ -Phosphoenol

“""’ pyruvate

W Sqccharomyces cerevisiae B | cvilactobacillus brevis B | cticaseibacillus paracasei B 7vinia persicina
Lactiplantibacillus plantarum BN Fructilactobacillus sanfranciscensis Pediococcus parvulits Naumovozyma castellii
Leuconostoc citreum Leuconostoc mesenteroides BN [ ciconostoc pseudomesenteroides BN | qtilactobacillus sakei

W yyeisseila confusa BN Fuyfurilactobacillus rossiae Lactoccus lactis Bacillus cereus

B pediococcus pentosaceus BN pichia kudriavzevii B | acricaseibacillus rhammosus B | ciconostoc sp

W [ inosilactobacillus fermentum Latilactobacillus curvatus Limosilactobacillus reuteri
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Reconstruction of Synthetic Microbial Communities (SMCs)

SDG

Taxonomic,

Construction of SDG

Selectionof speciesbasedon the
settingup of specificthresholds
1. Speciespresent at least in

~

genomic potential and
expression profiles from

Metagenomics

2.
spontaneous sourdough
Methods
Culturomics 3

. Specieshave been found by

50%o0f sourdoughs

Harbourand expressat leastyyy

20 key genesrepresentative
for carbon and nitrogen
metabolisms

culturomics

/

\I\/Ietatranscriptomics
/

Construction of SM@3 was
based only ortulturomics
results of SD43 traditional

sourdough

/' SMGS43

Thirteen species
out of 49
dominant and
subdominant lactie??
acid bacteria and
yeasts met these
criteria.

Speciedrom
Sourdough 1
were selected

2

SD(&; Synthetic
Microbial community

£

1 core and 1 dispensable yeast
2 core dominants LAB
2 subdominants LAB
1 satellite member
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Final species composition of SMCs

SDG SMCS43
SDG SMC-SD43
Taxa Cell density (cfu mL™) Group n. of species Taxa Cell density (cfu mL™) Group n. of species
Lactic acid bacteria Lactic acid bacteria
Lactiplantibacillus . Lacticaseibacillus paracasei .
9.96 Core dominant 2.11 Core sub-dominant
plantarum
Limosilactobacillus
8.45 Core dominant Lactiplantibacillus plantarum 6.48 Core dominant
fermentum
. . . Core sub- . L .
Furfurilactobacillus rossiae 5 P 4 Lacticaseibacillus rhamnosus 2.48 Core sub-dominant 7
ominan
] Core sub- , . , . .
Pediococcus pentosaceus 3.23 dominant Fructilactobacillus sanfranciscensis 9.96 Core dominant
Lactococcus lactis 2.7 Core sub-dominant
Leuconostoc citreum 3.18 Core sub-dominant
Weissella confusa 8.48 Core dominant
Other bacteria Other bacteria
Staphylococcus epidermidis 248 Satellite 1 Staphylococcus sp. 2 el 1
Yeasts Yeasts
Saccharomyces cerevisiae
6.23 Core dominant 2 Saccharomyces cerevisiae 6.26 Core dominant
1
Pichia kudriavzevii c g5 Dispensable
' dominant

The cell densities of all species corresponded to those found in traditional sourdoughs as estimated by culturomics
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Investigation of resilience, stability and performance in sourdoulike environment (WFH)
andin situ

. o N
7 depleted SMCat Species interaction within SMEONLY SDG m;gfaicriptomics
exponential (T1) and , : |
stationary (T2) growth phades Assesf_slmegt OCI tr?ntgcrlptomlcs ))) Shared and unique
in sourdoughlike protiles by depieting one species contribution
environment simulation species at a time from the
(WFH) (12 h at 3&T) consortium Y

2 SMCs at exponential (T1) and /
stationary (T2) phasés Metabolic reconstruction of

sourdoughlike environment active pathways simulation
simulation (WFH) andh situ in WEH

Methods CulturomicsMetatranscriptomics Metabolomics \

Persistence RARBPCR profiling
30 days of daily back slopping situ

Shared and unique species / \

contributions- simulation Day 0 Day 1 Day 10 Day 30
in WFH

_ — - Y,

Volatilomein situ

SMCS43
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Transcription level (KEGG function number) of SDG species

KEGG transcript number

1750

1500

1250

1000

750

0

T1 T2

T1 T2

1 12

\
\

1 T2 ‘
|
|I 1 T2 |
I”IH[LJ

Lactiplantibacillus plantarum Limosilactobacillus fermentum Pediococcus pentosaceus Furfurilactobacillus rossiae Stahphylococcus epidermidis Pichia kudriavzevii Saccharomyces cerevisiae

BsSDG1 MISDG2 WISDG3 SDG4 LSDGS M spGe MSDG7

(SMGSDQ@ without Pichiakudriavzevii SMGSD@ without Saccharomyceserevisiag
SMGSD@ without Staphylococcusepidermidis SMGSD@ without Pediococcus
pentosaceus SMGSDG without Furfurilactobacillus rossiag SMCGSDG without

Limosilactobacillulermentumand SMGSDQ@ without Lactiplantibacilluplantarum)
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The irreplaceability of sulmlominants members in sourdough functionality
Subdominants:Furfurilactobacillusossiae Pediococcus pentosaceus

— e
N ) Fructans—r—* D.Fructose Maltodextrin =~ «—_
Fructans——" p_Frctose Maltodextrm - n ATYD. 24121 \ ~* Cyclodextrine

\ \ e PO N e A 24
4 ADP- Cyclodextring leose > Al o4 2ALI8 tarel .
y Glucos i W ¥ - B A 4 A —73.2.1.3 / Isomalt 31211
.A | y - .
f e ) v
212 4 1.1~ Yextri
/ Al ¥ B-D-Glucosi Dextri > Malt
* Malt Sucrose « * a/B-D-Glucose-1P
Sucrose < * o/B-D-Glucose-1P * X \ 2
» [ X A / / 4 B
\ . 5422\ A 4 —7 (2418
\ “ADextrar \ K \'mm
. 5.4 115\ \ D-Glucose + 24125
D) : _ \ 54.2.6 2711 . 321128 Amvlose = - )
415\ D-Glucose « _ | \ 2712 PO N Amylose % 5.D.Glucose-1P
\ 542 . 32128 - ) 4 v T A e
| \ DI o = 3-D-Glucose-1P D-Fructose » D-Glucose-6P [\ 241
1 v . R S LN ~— [ RN 4 J ~—_ Tichal
D-Fructose g D-Glucose-6F =0 { Rt — 24164 PR AN : P 1.9 | 7‘ o
\ 4 N3z N 271104 & 24.1
2714 f ~ J ~._ Trehalose - 24.1
N 4310 | ™~ \ . D-Fructose-6Pv—_ 313
L &3 | /N 'y ) : A
2711 | o / 24.1.15 Trehalose
D-Fructose-6P+__ [ 32126 hxn 1 o1 \3.2.186 . 3.13.12 ! o
: ) | 13.2.121% . v Sucrose-6P
! Trehalose-6F
_ o Cellobio
Sucrose-6P A

Cellobiose-6P

V Fur rossiae showed the ca_bébility to ferment dextrin/isomaltose and _ N
maltose through oligo-1,6-glucosidase(EC3.2.1.10) and alphaglucosidase V Ped pentosaceusshowed the unique capability to use

(EC3.2.1.20). | -D-Glucosidas€EC3.2.1.21) genetranscriptswere uniqueto alternative energysourcessuchastrehaloseand cellobiose
Fur rossiae via 6-phosphacbeta-glucosidas€EC3.2.1.86) andtrehalose

V Arabinoxylarmetabolismleadingto D-xyloseand arabinosewasexclusively ~ 6-phosphatehydrolase(EC3.2.1.93).
foundin Fut rossiae
o [J | > A
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